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Sumrx

The structure of lonizing shock waves and their induced boundsry laycrs
in argon have been studied experimentally in the UPIAS k" x 7" hypervelocity sho-k
tube using dual-wavelength interferometry,

The relaxation length: and transitions of shocks of Mach numbers 16.5
and 13,5 for initial ges pressures of sbout 5 torr have been measured at 2 cm and
8 om, respectively., The transition profiles and relaxation lengths are in reacon-
ably good agreement with analysis,

The effect of 0.4% hydrogen addition to the argon test gas for the
stronger shock case i3 a reduced relaxation length from 20 mm to & mm, which can
be explained on the basis of collision theory.

Ir the nonequilibrium relaxation region a much faster ionization rate
than in the ree stream wag found near the wall. This phenomenon has not been
explained.

Boundary layer density and degree of ionization profiles at 4 cm and
20 cm behind a shock wave of Mach number 16,5 indicate a laminar boundery layer
growing from O.7 mm to 2 mm in thickness, Similar profiles are presented for a
station 10 cm behind a shock wave of Mach numbor 13.5.

The profiles are in better agreement with analysis for frozéh or none
equilibrium boundary layers than for equilibrium profiles.
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1, TiMPRODUCTICN

In reccat years much effort has been devoted to the study of hot .=
flows, where the presence of atoms, ions and electrons as separate specler in
tha gas consjuerobly complicates the physical mechanlsms involvad in the flow,
Therefore, ar understanding of the behaviour of the different species ani thisir
interactions with each other has become essentlal in predicting the fluld prop-
arties of hot gas flows,

The relevance of such research to present-day requiremente 4¢ an gresat
as ever witl the develcpment of such vehicles as the space shuttle. A knowledg:
of the physical characteristics of dissociated and ionized gas flows is impor-
tant not only for the design of such vehicles that must withstand rg-entry con-
ditions, where temperatures caused by shock and viscous heating are of suffi~ient
magnitude to make dissoclation and ionization effects significant, bus elce for
the test facilities that are ured to simulate suitable flight conditions for
these spacecraft,

Th= chock tube lsome such facility which ig capable of gencruting high
temperatura, high Mach number gas flows in which discsociation and lonization
processes take place, The UTIAS 4" x 7" hypervelocity shock tube, which wan
used for this cxperimental study, is capable of very high performance, generating
ghock Mach numbers in excess of 24 in argon gas. The relatively large 2ross-
sectional area of this shock tube makes it especially suitable for the ztudy

of boundary layers, the effect of which on the free-stream 1¢ virstually negligi-l .

Argon i3 chosen as a test gas for a number of reasons. It is a mon-
atomlc gas and consequently dissociation effects ere sliminated, which sdimplifi:
the experimental technlque, as will be geen later, Argon has a relatively low
first ionization potential (15.7 eV) compared to some other monatomic gasas, whi L
practically speaking means that for a given sat of initial condition: & higher
degree of lonization 1s achieved than for a gas of higher potenilal., The thermo-
dynamic and transport properties of argon have been well established over a wide
range of temperatures and pressures, Lastly, argon is available commercially ani
relatively cheaply with a high degree of purity and it is a safe gas to work witl,

The exporimental study describved in this report was origirally intent.
to investigate only the shock-tube wall boundary layer formed behind fonizing
shock waves, However, 1t soon became apparent that the optical systam which wu
set up to study the thin boundary lay:r region was equally sulted to studying
the shock-wave structure with which it initially interacts,

In the litcrature many theoretical analyses have been pre2sented des-rii-
ing the structure of ionizing shock waves (e.g., Refs. 1-4) and &lso some on
nonstationary ionized bouniury layers (Refs. 5-7) but very little has been re-
ported on experimental results obtained in the areas of interest here, Refercn-
L, 8 and 9 give some experimental results ol talned for the boundary layer region
while Refs, 3 and 10 give some experimental profiles for the shotk wave rolavet -
region,.
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2. ANALYSIS

The theoreticel analyses presented in this section are not meant to be
complete treatmenta of the problems, but more as an outline of the relevant equa-
tions and factors which are important in obtalning a general solution,

The flow regions may be separated into distinct sections ms follows )
(vigs 1)» In the freestream the Rankine-Hugoniot shock front, behind which the '
tlow is frozen, is followed by noneqidlibrium flow during which energy equilibria- ’ '
tion (or relaxation) processes take place, The chemical kinetics involved in this ‘
region are discussed later. Behind the relaxation region the gas is in thermo- ‘
chemical equilibrium, although some changes do take place slowly due to radiation :
losses, The viscous boundary layer growth begins at the shock front and extends )
back through the nonequilibrium flow region into the equilibrium flow region. The {
theoretical boundery layer analysis presented in Sec, 2.2 1s limdted to the !
aquilibrium boundary layer problem, '

2.1 Freestream Kelaxation Region '

Tha governing equations of mass, momentum and energy written for one-
dimensional steady state flow in the shock-wave region are (Refs, 11 and 12)

d

-& (ph) w0 (2.1.1)

g'-; (pu2+-p--g-|¢ %x\‘})-o (2.1.2)

u .dLT.-!- ﬂ- -'i -9'-2 2+ -('L- K 9'2 (213)
M ax*?P &x " IH\ X\ ax ok

The momentum equation (Eq. 2.1.2) is derived from the Navier-Stokes
aquations, The h/3 pu cosfficient arises from Stokes' essumption that the second
coefficiont of viscosity N = -2u/3 and noting that for a monatomic gas the co-
afficient of bulk viscoslty is zero,

The terms on the right-hand side of the energy equation (Ey, 2,1.3)
describe entropy production in the shock wave.

Equations 2.1.1, 2,1.2 and 2.1.3 describe the flow both through the shock
front (translational excitement only) and through the ensuing relaxation rcgion,
In the former region (layer) the gradients in the flow variables are large and
the effects of viscosity and heat conduction must be considered., In this analysis
we shall be concerned only with the relaxation region and since the gradients in
flow properties are not large, the viscous and heat conduction dissipative
processes may be neglected. Thus Egqa, 2.1.1, 2.1.2 and 2.1.3 may be reduced to
take the following form

S (pu) =0 (2.1.L)
puU %Bcl.'} + % L ¢ (2|105)
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dh dp
P = o] (2.1.6)

which when integrated yield the standard equations (Ref. 13)

U = Py (2.1.7)
P+ pu = P, * plui (2.1.8)
R R A (241.9)

where u and vy are measured relative to tha fixed shock front,

Following Ref. 1, Eqs. 2.1.7, 2.1.8 and 2,1.9 together with the two -
temperature cancept in the equa.t.ion of state (for the electrons and heavy
particles)

p" pR (T +« T,) (2.1.10)
and enthalpy egquation

h=5/2R (T + 're) +aR 6, (2.1,11)

electron alike

SO TG IE- - SR A

where the negative sign gives the physically meaningful result and M s the shouk
Mach number is defined as

are solved to ?ive the particle velocity (assumed the same for heavy particle and

M o=u /(5/3RT)Y2 ey fa,

8
The gas temperature T ia

¥ 2
T-Tl{l-Ot(;f-)-%a(;-f)-b -%—[1(‘&—3) J} (2.1.13)

To determine the degree of ionization, & and electron temperature T ,
ve now consider the nmass and energy conservation equations for the electron gis
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d = |
dax (nou) - r'1e
[]
a4 du :
nu == (3/2 k Te) + nck Te = (2.1.14)

3

3y (52 (gut Ve MEE)-(AKCO, + 3/21,) - § 2 &
e ( m,, eA eI/ e/ TVl MVI e’ 7 3 dx '

where x 1s the streamwise co-ordinate and v A,veI are the elastic collision fre- ’ !

quencles for el2:ctron-utom and electron-ion collisions respectively and are related
to the corresponding elastic collision cross-sections as (Ref, 2)

w(BkT) 0,

1/2 (2.1.15)

da [ L] .
U . = CIA + oze
an, o n, &e (2.1,16)
3w T, H =3 (ag;) (Vop* Ver)(T-T) - 7 o

where & and &a ara the ionization rates due to atom-atom and atom-electron colli-
slons, regpectively. Then

%ﬂ = &/u (2.1.17)

and

o e,
- <”‘A> sA el (T-1,) - _§. =2 & (2,1.18)

If the local steady state approximation is assumed, l.e., dre/dx ™0,

then Eq. 2,1.18 gives
A (9 + 3/:. T )
G

TeuT-
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whore , vV , and v _ arc all functions of T (see Ref, 1 for & ).
e el e e e

I

In principle, Egs. 2.1.17 and 2.1.18 or Egs. 2.1.17 and 2.1.19 may be
:olved numerically to give @ and T_ for given x, slthough the boundary condition:
for Te require careful consideratidn.

The chemical kinetic theory describing the processes in a shock wave
leadin, to excitation and ionization has been discussed by a number of authors
(cegs, Refa, 1,3,4)., A simple outline is given here of the more popular theory
which 1lnvolves a two-step atom-atam collision process followed by a two-step
clsetroa-atom and single-step electron-electron collisional model (see Fig. 1),

With the initisl dlscontinuous jump in flow conditlons having teaken
place through the Rankine-Hugoniot shock front (whose thickness is of the order
of & few mean free path lengths), the gas is in a frozen state, the energy trans-
fer taking place only in the translational mode. The relaxation region begins
with & two-srep atam-atom collisional process

A+ A= A% A
A+ A= A+ At 4 e

which takes some atioms to thelr first excited state before further collisions
energlze them sufficiently to free the electron. This relatively slow, in-
efficient process leads to the production of a small number of electrons.

The next phase 1s characterized by a two-step and a single-step event
by which the energy transfer rate ls considerably speeded up.

A+ ot A% + o
A% + ¢ qub At+ere }' (1)

Aveemat v ere (14)

The latter process soon predominates, leading to the rapld productim
of electrons untll an equllibrium state is reached with electrons recombining
at the same vate abt which they are produced. This balance is somewhat disturbed
by rediatlve cooling by which some energy 1s lost through the emission of radiatlon,
wlth a consequent drop in electron number density. This process affects the entirc
flow wniformity behind the shock front.

2.2 Egquilibrium Boundery Laycr

The boundary layer formed behind a normal shock wave travelling along
an infinite flat plate, as is the case for the shock tube boundary layer, is
nonstationary.

The nonstationary laminar boundary layer equations for a partially ionizc:
gas have been treated by many authors and mey be written as follows (Ref, 6¥

%@ + %; (pu) +% (pv) = 0 (2.2.1)
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du dp ‘
ou du ) 5
P <:3€ +u 3= + v 3% > =P 3¢ ° 3§g ) 1
. g
+%<u %) (2.2.2) .‘*
% -0 (2.2.3) :
| i
OH oH QH op apa ;
dC AR AR DR RRT - .
i

- %[.qu-qd+p %(%‘3)_1 (2.2,4)

vhe.
9, = -K gf—r y the conductive heat flux
g * "PD, (BI + 5/2 RT) & ° the diffusive energy flux, assuming

ambipolar diffusion.

Equations (2.2,1-2.2.4) are respectively the continuity, x and y momentum
and energy equationc.

These equations may be reduced to steady state equations (d/dt =0) by a
transformation of the co-ordinate system and changing the boundary conditions, as
shown in Fig. 2. Equation 2.2.3 is a statement of the fact that the pressure is .
invariant through the boundary layer, (terms of the second order being neglected), 4
If we assume that the freestream pressure is independent of x, then the steady-stat.
equations are

%; (pu) + %; (pv) =0 (2.2.5)
pu %+QV%-% <u %> (2.2.6)

3 3K e J

UE Y E T g;[- 4 "qg * H %-}-,\r (2.2.7)

If the gas remains in thermochemical equilibrium, the Saha equation
(Eq.Al) can be used to directly relate the degree of ionization @ to temperature
T, for a given pressure, In this case the energy equation (Eq. 2,2.7) may be re-
duced to the familiar classical form (Ref, 14)

— .. ____R —— P ‘.__-*—4




oH OH d u OH
Du&*'PV;;'gs;(ﬁ:w

. %[u@.%;) %(g)] (2.2.8)

provided that the Prandtl number, Pr relating viscosity and heat conduction, is

defired as
TR
o

Models for the tranaport properties are developed in Appendix A, Using the re.
sults obtained there we have

o
a o,
1 + 2 1+T:& ‘E '
1-¢ aunu"“ﬁ'“ Sy
AR

U
T “AA
Bo= m———— : (202'9)
g‘é QU """""‘T""'“a EE“‘""""""' QU
e
o (2N o
cp-n[é(aua) +-§r <3T>,* eI(al] (2.2.10)
P 8.1 _
Kngp = K + @ Q!-Q'DA’! [g+€=] (2.2.11)
Note that the definition of the total thermal conductivity includes the normsl

thermal conductivity K, as well as a diffusive energy transport term,

In classical boundary layer theory,Pr is generally assigned a constant
value since it is virtually independent of teuperature at the usual temperatures
considered, However, in the case of ionized bdoundary layers the range of tempera-
ture from the cold wall to the hot freestream is so great that variations in vis-

cosity, specific heat and thermal caiductivity are such as to cauce gignificant
changes in Pr.

If the assumption of thermochemical equilibrium is not made, another
formulation of the energy equation may be obtained (Ref. 6) i.e.,

m o B 56 E) 5060 H(G)]

+ %,: [%;, (Le-1) hy %-3 ] (2.2,12)




where Pr' is based on values of C£> and K' defined as

% ¢y = 5/2R (1 +a) (2.2.13) :
K'=K (2.201)“) K
|
In Eq. 2.2,12, the Lewls number is defined as ,
P DAPr' |
Le = m (202.15)
f" where DA is the ambipolar diffusion coefficient, The ratio of Prandtl number to i
: Lewis number is relerred to as the Schmidt number, Sc ‘
"’ - YT t
Pr' )
Som L (202.16)
w5
In sddition to the extra term which appears in the energy equation, an
equation for species conservation must be solved, For iloms, this is

pu %-rpv %-%;,(pDA %)4-%3 (2.2,17)

assuming ambipolar diffusion, whers w is the specles net production rate., For
equilibrium flow, of course, Fq. 2.2.17 may be replaced by the Saha equilibrium .
compoaition relation (Eq. A.1). However, for nonequilibrium solutions, Eq. 2.2.17

must be considersd along with the energy equation 2.2.12.

The theoretical results presented for the freestream relaxation region
were obtained by Liu, based on an extension of the analysis presented in Sec, 2.1, '
A full description of this 1s presented in Ref, 15,

The theoretical equilibrium boundary layer results given in this report
were obtained by Whitten (Ref., 16), while a camplete boundary layer analysis for
equilibrium, frozen and nonegquilibrium flow is presented in Ref, 15.

3. DESCRIPTION OF EXPFRIMENTAL EQUIPMENT AND TECHNIQUES

Since the original construction of the UTIAS 4" x 7" hypervelocity shock
tube, several improvements have been msde to the facility, increasing both its
performance and capability to the level required for the successful outcome of the
sxperimental program descritved in this report. These modifications concern the
driven section vacuum system and the electronic timing cirvcuits associated with shock

speed measurement and triggering of the optical system's light source, Figure 3
illustrates the test section end of the facility.

3.1 The Shock Tube '

L The design and construction of the UTTAS 4" x 7" chock tube is described




P -

in Ref. 17.

A combustion driver using a stoichiometric mixture of 7.% (by pressure)
oxygen, 20% hydrogen and 72.5% helium, was used to create, by combustion, the re-
quired driver pressure P,,» This mixture was determined by Bristow (Ref, 18) to
glve a smooth combustion and an accepteble rise time and peak pressure, The gas
mixture was ignited impulsively by means of a tungsten wire (0.015" aia.) located
down the centre of the driver and across which a 13 Kv potential was applied.

The ratio of combuation pressure P, to test gas presaure F, was found by
Bristow to be related to the incident shock wave Mach number by the empirical
expression, Ln(P,/P,) = [0.b22 M+ 4.02] in the range 10 < M_ < 24, The factor
by which the stokchimtric gsa mixture pressure, Pm is increased by combustion
is approximately 6.7.

Design of the dlaphragms was an important factor in the series of experi.
ments conductea here eince repetition of flow conditions was required in order
that the boundary layer could be studied at different stations behind a shock wave
of given strength. Accurate prediction of the shock speed was also important,
as will be seen later, in triggering the light source for the optical equipment.

The disphragms, mede from type 304 stainless steel and annealed, were
seribed to emsure proper petaling when burst, Nollowing Bristow, whose calibra-
tion of this type of dlaphragm is given in Ref, 18, the burating pressure P, is
related to the digphragm thickness t, the thickness after scribing h, the uﬁ
supported dlameter 4 and the ultimate tensile strength of the material o, by

the equation
n (@)

vhere K iz & factor close to unity, depending on ¢t and n is an experinentally de.
termined value (~ 2,2). (see Ref, 18 for specific values of K),

The driven section of the tube is 48 ft in length, the teat section
being located approximately 45 £t from the diaphragm station. The material used
for comstruction of the driven section was a high strength alloy steel (type
8PS-245) with the internal surfaces being ground te a 32 micro-inch finish and
plated with a 0,002 inch leyer of chromium,

Between experiments the tube was blown out with high pressure air and
cleaned with acetone and trichlorethylene so as to maintain s reagonable degree
of cleanliness.,

The vacuum pump system for the drivean section of the tube consiats of a
Xinney type KS-47 mechanical pump, & Hereaus Rootes type VP-RG-350A pump and a

CVC type PMGS-6B diffusion pump which in series were capable of bringing the tube pressure

down to 10-© mmHg, with an outgl.uing rate of about 110"’ mmg/min, Generally, the
tube was pumped down for 3 to 4 days between experiments to ensure as good a vacuum
a8 possible,

The argon test gas (with a purity of 99.996% by volume) was introduced
directly into the driven section immediately before an experiment was carried out,

Cc -




and the pressure monitored by a Wallace-Tiernan gauge (0-50 mmHg range). In each
experiment o test gas initial pressure of 5 mmHg was set by this gauge. A more
accurate measurement of the pressure was taken using an oll manometer, isolated
before the cxperiment was conducted. This instrument is described in Ref. 18,
along with its . calibration.

For the one experiment in which it was roquired to add & small per-
centage (0.4% by pressure) of hydrogen to the test gas, & reservoir of known
volume was required. The following procedure was adopted, Us the known volumes
of the dump tark (35.4 £t3) & volume V, is calculated as 45,0 f&3. With an arbi-
trarily set pressure of 4O mmHg (Py) in the hydrogen gas lins (ss measured by a
Wallace & Tiernan gauge), the hydrogen was released into the tube and the pressure
(Pa) measured with a Mcleod gauge,

Using the standard equation, P,V, = PV, the volume (vl) of the hydrogen
ges line (including pressure gauge volume) was calculated.

3.2 Shock Velocity Messurement

Measuremsnts of shock velocity wers obtained between a reference station
and 4 positions in the tube using stendurd piezoelectric presaure transducers,whose
outputs were amplified before being qpxl!,ed to 2 Hewlett-Packard (type 373b As and
2 Racal electronic counters (see Fig, 4), measuring in micro-sexmnd units. A fifth
velocity maasurement was taken scross two faet of the test section wsing a Hewlett-
Packard (type 5325 A) counter measuring in 0.l micro-second units,

As mentioned in Ref. 18, the degree of shock attenuation recorded with
this system is so low as to lie within the exparimental error of the velocity
measurement, technique,

A Kistler pressure transducer was used (station G, Fig. 4) to record an
oscillogram of the pressure history through the shock wave and subsequent gas flow,

3.3 QOptics

The optical system employed in thia experimental program comprised a
pulsed dual-frequency laser, a Mach-Zehnder interferometer and a plata cameras,
Figure 5 shows & schematic layout of the optice and Fig. 6 gives a plan view of
the experimental apparatus.

3.3,1 Light Source

A TRG 10LA rudby laser, pulsed by a Pogkels cell Q-gwitch und fitted with
& second harmwmic generator, provided the 6943 X and 3471.5 X component wavelength
light source., A full description of this laser and ite advantages and disadvant-
ages over more conventional light sources is given in Ref, 18, The ruby rod of
this type of laser is energized by a flash-lamp for a period of about 950 usecs
before the optimum condition is obtained, prior to Q-switching. A signal from
one of the aforemantioned pressure transducers is used, via a delay unit, to
trigger the flash lamp and a similar signal from another transducer is used, again
via a delay circult, to trigger the Pockels cell at a predestermined time (see
Fig. 4). In this manner the desirad region of flow is expoaed to the film plates.
This system of shuttering relesses a short burst of light in the order of 20 nano-
aeconds, which is instantancous relative to the shock speed (say 5 Xm/sec)., Of
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course accurate knowledge of tne shock speed is required prior to a run for
succezsful operation of the laser-shutter system, A msasurement of the time
elapsed between the shock-wave amrrival at a reference statlon and operation of
the Q-switch is recorded on a Hewlett-Packard (type 3734 A) counter (see Fig, b)
and this, in conjunction with a shock speed measurement from the same reference,
snables an accurate determination of the flow field exposed to the plates, with
raspect to the shock wave, This is essential for cases where the shock wave is
outilde the field of view.

A short focal length (150 mm) convex lens, whose selection is determined
by the maxinmum focal length that will achieve the necessary collimation of light
to the required field, is used to focus the laser beam onto a light diffuser placed
at the focal point of the first parabolic mirror of the interferometer, The
introduction of a diffuser reduces the spatial coherence of the laser light,
resulting in vetter quality interferograms.

3.3.2 Mach-Zehnder Interfercmeter

The design and conatruction of the Mach-Zehnder interferometer used in
these experiments is described in Ref, 19, The adjustment procedures for obtaining
the required fringe system is descrived in that report. The alignment procrdure
for this study, involving the interferometer and thelight source, iz described in
detail in Appendix B.

3.3.3 Interforogram Photography

The camera usod for the photography is shown schematically in Fig. 5.
Tt consists of a shutter (nontriggerable), a beam spiitter (60%-U0%), a plane
mirror and 2 line filters to separate ocut the cosponent wavelengtha, It 1s de-
signed to hold 4" x 5" f£4lm platoes,

Two lenses were used to cbtain the required overall magnification
(™ 1.8). A schematic ray disgram of this arrangement is shown in Fig. 7.
Apart from the magnification factor, the lens selection was made with several
other criteria in mind. 7These may be summarized as followst

1) The combination of the focal lengths of the lenses chosen to give
the desired megnificetion must ve compatible with the physical limitations of
the camers and cpace between the cemera and interferometer,

{1) The aperture of the 1light beam at any station must fall within
the bounds of the lens, filter, splitter and mirror aperturecs, Working at the
outer edges of lenres can give rise to fringe distortions and fooussing problems.

111) The beam must not be focussed in the plane of any of the optical
elemenis, since burning of the element may occur,

iv) The use of an ultra-viclet light source (as is the 3471.5 3)
poses some problams since this wevelength falls at the lower end of the bandwidth
for which glass lenses are usefw), The transmission of light 1s poor end the
thicker the lens, the more the light lost,

v) The overall magnification also determines the intensity of light

avellable to the film. The use of a second harmonic generator cuts down on the
aveilable light energy from the laser and while there is no problem with the
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primary (6943 ) wavelength, the secondary (3471.5 &) wavelength requires that
the laser be very finely tuned,

Figure 8 illustrates the advantage of using as large & magnification
oi possible for the film plate, rather than relying completely on enlarging
vwheon printing.

The film usod for the experiments was Xodak Royal X Pan (1250 ASA)
in 4" x 5" plates, Different developers were tried (DK-50, D-11, D-8) to
improve the fringe definition on the nagatives. It was found that a undiluted
DK-50 solutiun gave the best results with & devuloping time 20% longer than
that recormended.

Enlargeaments of between 6 and 8 times the negative sige were printed,
giving an overall magnification of 12 to 16 over the laboratory scale, Kodek
type 1594 grade 4 industrim) paper (in rolls of LO" x 100') was used for this
purpose, Ildimits on the aize of prints mede, were impose¢d mainly by the practical
aspects of developing and general ease of handling in the durkroom.

3.3.4 Test Section Plane of Focus

The problem of fixing a plane of focus in the test section and also
that of providing a sultably accurate scale on the interferograms was overceme
in the following manner,

Several holes were drilled in a metal plate at spproximately 1 om
intervale. Cross-hairs were placed cver each of these holes and the diastances
betwean cross-hairs measured accurately with a Hilger T.500 Universal Measuring
Projector (mccurate to 0,00001" ). This plate was fixed in the interfercmeter
between the second mirrcr and second splitter (ses Fig. 9), making sure that
the plane of the cross-hairs was perpsndicular to the light besm, The optimum
plane of focus in the test section is a matter of conjecture. Following Ref,20,
where it is shown that refraction errors are minimized by focussing on a plane
2/3 across the test secticn from the window nearest to the light acurce, the
croso-hairs were first fixed in the test section and an image focus plane position
estublished (using only the parabolic mirror, P,) before being moved into the
compensating chamber light beam path and l.da\utad in position until they were
again brought into focus,

The cros:-hairs served another useful purpose in that of determining
the true position of the shock tube wall. As can be seen from the flow inter-
ferograms, (e.g., Figs. 11,12 and 13) the real wall surface is ill-unfined owing to
the effects of refraction of the light through the boundary layer density gradient.
Before each experiment the camera was focussed on the wall edge nearest the
camera (which gave the clearest wall image) and the fringes blanked out near
the wall by means of a plate inserted in the compensating arm of the interfero.
meter, A photograph was then taken (one for each wavelength) and used to measure
the distances from the croas-hairs to the wall surface (Fig. 10). These dlgtances
(when adjusted by the correct maguification factor) were used to determine & wall
position on the interferograms (with an eatimmted accuracy of + 0,05 mm), which
a5 can be seen in Appendix C, i+ importent in the analysis of The interferograms,

This method of using corresponding planes in the test section and com-
pensating arms of the interferomester is felt to Le very wseful for experiments in
which 1t is desired that no obstruction be placed in the shock tube that may
disturd the flow,
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4, RESULIS AND DISCUSSION

4,1 Shock Frant

Measurements of fringe shift through the Rankine-Hugoniot shock fron%
wora taken from the interferograws of thrae experiments, i) M = 16,53 (pure
argon), 11) M_ = 16,68 (argon + O.4% H,) and 111) M = 13,59 (fure argon). The
interferocrmﬂ are shown in Figs. 11, I2 and 13 relﬁectively. The Rankine-Hugoniot
front i3 viaible, on the right-hand alde of the interferograms, as an almost dia-
continuous shift in the fringes, The shift through this front for )‘2 (about 1,5
for the conditions described hers) is theoretically twice that for assuming
frogen flow conditions immediately behind the front (i.e., @ = 0), @ to the
very high density gradient through the front, it appears considerably thicker than
is really the case, This wil. be ddszcussed in More detall later, The measurements
of fringe shitt (i.e., thy A1, placement o a fringe between the undisturbed gas
reglon and a roasonably unitorm flow region behind the front) were substituted into
the interferometric equations (Eqs. C10 snd Cll) and p and & calculuted as shown
in Table I,

TABLE It EXPRRIMENTAL DATA

b [rmma] sn, [on, [ ot | ath b (K/m) | (%)
6.53 | 5.12 | 0724 | 1.520 | b.31wm10°2 | -6.74m10"% | b.,3Bomao-2 0.0
16.68 | 5.17 |o.7as)1.599 | b.558e1072]  3.52w1071 | 4.b12wio™? 0.0
13.50 | 5.09 |o0.74b ) 1.608 | u.525010"2 | 2.03x1071 | 4.32841072 0.0

Agreement with the theoretical. density velues p nt o8 predicted by the Rankine~

Hugoniot relations, 1s raasonably good although more so for the atronger shock
cases, Verification of the frozen nature of the gas behind the shock front is
given by the negligible degree of ionization.

An estimate of the error involved with these p and & culculations may
be determined using the classical er.or equation derived in Ref. 2l.

- {EF - {EFE{EFE wan

where Q is the aerror in the calculated quantity A, which is e function of Lhe
measured quantities a,, #,, ., etc.fi.6., A = r(ul,n.a,ss...)] and 9y 195193 atc.,,
are the errors in 818,08, stc,

This equation may be applied to the interferometric equations, Eqs. (C10)
and (Cll), &5 descrided in Ref. 22, For nondimensional fringe shift measurement
errars of 0,03, the errors predictﬁd by _Eqs 4.1.1 in density p and degree of ioni-
zo.';.ion a e.re%respectively 9,53210" K¢/m3 ?or 2.1% of the predicted frozen value,
p.) and 0.21%,

As mentionel earlier, the apparent shock front thickness (approximately /
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1.5 mm) is considerably greater than the theoretical value. From Ref, 23 the limi-
ting value for shock front thickness (Ms-u) is 1.42 ‘o’ where § 1is the mean free

path length ﬂf the undisturbed gas. For the conditions P, = 5 tgrr and T,= 300°K,
ED = 2 x 107° inches for argon, which gives a 1limiting sh&ck front thickn&ss of

2084 x 10-% inches. Thus there is & great difference between the observed shock
front thickness and the theoretically predicted value., This may be explained by

& combination of errors, Firstly, considering. refraction, the density gradient
through the front is large (typically 4.5 Kg/m3/m for s linear gradient). However

if we assume that the interferometer is perfectly aligned (normal to the test
saction) any light ray passing through the shock front will be refracted very quickly
out of the thin front region into the uniform region behind it. Consequently errore
due to refraction may be ignored for the perfectly aligned interferometer, However,
if the interferometer is misaligned, even to a small degree, then refraction effects
become quite significant, since many more rays pass through the front.

The alignment procedure described in Appendix B is not as accurate about
the y-axis as it is about the x-axis of the shock tube because there is no reference
surface available on which to observe the spurious fringes associated with misalign-
ment, Consequently, a two-dimensional effect is inevitable when locking at the
thin shock front region. . ,

A}

The fact that the shock front appears considerasbly thicker for the weaker
shock may be the result of poorer alignment .and consequently a larger two-dimensional
effect, The interferometer and the light source were left undisturbed as far as
possible, However, a major adjustment of the interferometer was made prior to the
woaker shook exporlmant and it is reasonadble to suppose that a poorer alignment was
achieved about the y-axis. This would also account for the somewhat larger dis-

arepancy between calculated and predicted frogen density values behind the weaker
shock front.

4.2 Freestream Relaxation Region

The interferograms shown in Fig. 1l illustrate well the structure of an
lonizing shock wave. As discussed in the previous section, the Rankine-Hugoniot
front is evident as a sudden, almoat discontinuous shift in the fringes, Behind
this front, changes in the flow properties take place slowly as the gas begins to
relax (this shows up as & region in which fringe changes are virtually indiscernidble).
The 'ionigation front', through which a rapid increase in the degree of ionigzation
takes place up to equilibrium value, is spparent as a closing tcogether of the fringes,

It may be noted that while a nondimensioaal fringe shift through the
Rankine-Hugoniot front is about 0,75 for and 1.5 for for a density ratio of
about 4, the shifts through the 'ionization front' are largesr (5.5 for A, and 2
for A,) even thowgh the density ratio is only ebout 2. This may be sccounted for

by th¥ negative electron contribituion to refractive index, to which the higher wave-
length is more sensitive,

Analysis of the interferograms illustrated in Figs. 11-13 together with
those of Fig, 14, with the method described in Appendix C, yield the freeatrean
relaxation region density and ionigation profiles given in Fige, 1% and 16, The
values p., P, and p, are respectively the initial pre-shock gas density, the frozen
(Rankine-Hugconiot) density and the post-relaxation equilibrium density. The limit
of pz/p1 in the perfect gas case is 4 [1.0.,1’2/1’l -'-592/91 "(71*1)/(71-1): where
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7 is the specific heat ratio, 7 = 5/3], for a monatomic gas. From Fig. 15, the
density ratio pa/pl- 3.96 for a pressure ratio of pe/pl- 345 across the shock

front, while from Fig. 16, pz/plﬂ 3.94 for Pe/Pl- 231, 'The real (imperfect) gas
density ratio p /pl, which relates equilibrium gas density to that of the pre-
shock state, has values of p./p,= 7,74 for P,/P = 398 (argon) and p,/p,= 7.83 for
Pz/Pl' 405 (argon + hydrogeng from Fig. 15, and from Fig. 16, p3/01- 6.08 for
P,/P, = 258.

A comparison between initial, frozen and equilibrium flow properties for
pure argoen is made in Table II, :

TABLE IT: SHOCK WAVE FLOW PROPEKTIES

M, = 16,53
P(torr) | p(Xe/m3) | T(oK) [u(m/e) ] a(4) n(/m3)
Initial (1) 5.12 0.0111| =297 0 0 0
Frogen (2) 1749 0.0438} 25,588 | 3962 o 0
Equilibrium (3)| 2038 | o.0857 13,158 4618 | 15.78] 2.039x10%3

M, = 13.59
Initial (1) 5.09 | o.0110] 297 0 0 0
Frogen (2) 1175 0.0433] 17,390 3253 0 0
Bawlibrium (3)] 1315 | o.0668] 11,71] 3643 re| 7.47%00%

Flgure 15 indicates that the relaxation langth for a shock wave of Mach
number 16,53 travelling into pure argon (Pl- 5,12 torr) is about 2 cms., This is

rather longer than the thuoretical value predicted by Hoffert and Lien (Ref. 1)
vwho, for the conditions M = 16,5 and Pl- 5.0 torr, give a relaxation length of
1.6 ems. The experimantu! results obtained by Wong and Bershader (Ref, 3) give
a value of 1.22 cms. for corresponding conditions. The effects of radiation

losses in the post shock-wave equilibrium region are evident in the gradual de-
crease in 0 and p,

The results for relaxation behind a shock of Mach number Ma' 13.55

moving into argon (P,= 5.09 torr) are shown in Fig. 16. A relaxation length of
approximately 8,0 cm} i3 obtained which compares favourably with Hoffert and

Lien's predicted value of 7.6 cm, for correaponding conditions. Wong and Bershader
give a result of 6.1 cms which again is somewhat lower, The experimental equili-
brium value of ionirzation of about L4.5% is considerably lower than the predicted
value of 7.5%. There is also a good deal of scatter in the expe. imental results,
notably density. The usefulness of the interferometric experimental technique

must be questioned in flow regions where density and degree of ionization changes
are very small and the resulting fringe shifts and refractive index changes
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are of the same order as the errors associated with such measurements,

Applying the error equation given in Sec., 4.1 (Eq. 4.1,1) to the inter-
fqrnmetﬁiu equations, Eqs. (C6) and (C7) the respective errors for p and o are
¢«5010"% Kg/m’> (or 2% of pp) and 0.1%, for a refractive index difference (N) error
_f 107, From the theoretical profiles shown in Fig. ;g the average change in p
end @ over the first 5 cms, may be teken as 0.0002 Kg/mo/cm (or 0,5% of p, per cm)
and 0,1%/cm. respectively. For an interferogram with fringes apac’:gd by S.O mn
the change in p and a from fringe to fringe expected is Uyl0-5 Kg/m® (0.1% of pp)
and 0.,02%, which are considerably smaller quantities than the experimental error
values, Consequently, the shorter the relaxation region (or the smallier the region
of small flow changes) the batter should be the agreement between experiment and
theory (with leas scatter in the experimental data). This is well illustrated by
the three sets of results shown in Figs. 15 and 16, the best agreement being ob-
tained with the argon + hydrogen data, which will now be discussed.

Bristow (Ref, 18) dincussed the use of hydrogen addition with a view to
eliminating some inexplicable flow disturbances both in and behind the shock wave,.
The same type of dAlsturbances were observed at higher Mach numbers in this series
of experiments., However since only a comparatively small aperture of the flow
fleld was observed in each experiment, the disturbances wers not so apparent.
Tigure 17 shows interferograms obtained by Bristow for an lonizing shock wave
(Ma- 17) over the complete 7 inch aperture of the shock tube, Some possible causes
of "these flow disturbances are suggested but not sxpleined in Ref, 18, The addi-
tion of 0.4% Hp (by pressure) to the argon test gas was found by Bristow to elimi-
nate thess disturbances., The effect of hydrogen impurity on the shock wave relaxa-
tion length is quite drastic (Fig. 12). A comparison with the pure argon gas case
is made in Fig. 15, where it is seen that the relaxation length is reduced from
20 mm to spproximately 6 mm, for similar conditions. This may be explained by the
lerger excitation collision cross-sections for H-H and H-e as compared with those
for A-A and A-e, A full discussion on the effect of hydrogen addition is given
by Liu in Ref, 15,

It i3 worth noting that the equilibrium degree of icnization is rather
lower (13.9:3 than that predicted for pure argon (16.31%) while density is higher
(0.0975 Kg/m3 aa opposed to 0,0873 Kg/m3 for pure argon). The major reason for
this 15 the effect of the low hydrogen atomic mass (about 1/40 of that for argon),
as described in Ref, 15,

The theoretlcal results obtailned by Liu show good agreement with experi.
ment both for the pure gas case and with hydrogen additive.

L3 Wall Effscts in Relaxation Region

Perhaps the moat intereating results obtained in this experimental pro-
gram were obtained in the relaxution region close to the shock tube wall (szee
Figs. 11-14). These are believed to be the first of such experimental data obtained
in this region.

A large concentration of electrons is apparent as a sheath growing from
the shock front, the degree of ionization increasing much more rapidly than in the
freestream, Figures 18 and 19 show contours of constant ¢ for shocks (M = 16,53
und M_= 13.59) moving into pure argon. While similar effects are seen iff both
instefices, the phenomenon is much more in evicence with the stronger shock as would
be expected, the relaxation length being much shorter and the equilibrium degree of
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ionization belng about twice that for the weaker shock. It is difficult to conclude
crom the interferograms (Fig.l?) whether a similar wall effect occurs with the
addition of hydrogen to argon test gas. The relaxation reglon was shortened to

the extent that only a few fringes transmit data in the wall relaxation region.

™o fringe spacing should be reduced considerably from that shown in Fig, 12

(Z.24 mm for Kl, 1,10 mm for %2) in order to obtain the required informacion.

The reasons for this premature ionization close to the wall are far from
1lear. Ono considered possibility was that a gas-surface interaction cccurred
batween the argon plasma and the chromium plated steel shock tube wall, Two
axperiments were carried out to try and eliminate this possiblity. In one, a
covering (0.003") of ordinary Sellopac (cellophane) tape was stuck to the wall and
in the other a thin tungsten foll (0,001") was fixed to the wall., It was hoped
that the tape, being a good electrical insulator, or the tungsten, having a differsnt
work function than chromium or steel, might change the electron distribution if
indeed a gas-surface interaction was teking place., However, no changes were apparent,
Figure 20 shows interferograms of the shock wave passing over the tungsten foll.

A weak Mach wave may be seen emenating from the leading adge of the foll at the
left side of the interferogram,

The poasibility of impurities being present on the shock tube wall must
also be considered. The wall was cleaned as thoroughly as possible before each
axperiment,, However the preacmceéof water vapour molecules, typically at a density
of 1044 cm? at & pressure of 1070 torr, must be considered a likely cause, since
at the temperatures behind the shock frent (say 20,0009K) any water vapour molecules
would be completely dissoclated and hydrogsn, &s already proven, has a dramatic
affect on the lonization ratea, However it is not clear how their presence would
be felt in the freestream,

It i3 of interest to note that in another experimental study, in the same
facillity, involving the use of a finite flat plate model, a similar phenomenon
was evident (Ref, 16),

4.4 Boundary Leyer

Before any expuriments were conducted to obtain boundary layer data for
lonized argon gas flows, & check on the experimental technique was made by obtaining
gsome data for boundary layers behind wesker, nonionizing shock waves, that could be
comparcd with well-esatablished classical theory,

Flgure 21 shows experimental date and a theorstical density profile at
10.0 ems behind a shock wave of Mach number M_ = 6,48 travelling into argon test
ges at initial pressure P.w 5,06 mmHg. The ei'parimentu. results agree reasonably
well with the similarity Bolution obtained by Whitten (Ref. 16).

The errors involved in these data concarn the shock tube wall location
and fringe-shift measurements, Determination of the wall position, as described in
Sec, 3.3.b4, 15 subject to a 4 0,05 mm error. Following the error analysis described
in Sec, L,1, the resulting error in dﬁnlity calculations from fringe shift measure-
ment errors of 0.03 in Jp = + 6,6x10-% Xg/m3, or Lp = 1.64 of p_, the freestream don-
sity value. Thus the largest source of error is the wall 1oeat£on error, This is
represente) in Fig. 21 by an error bar,

Figures 22 and 23 are flow and no-flow interferograms for and Kz
respectively, taken for a shock Mach number of 16.50 and P, = 5.63 tor®, The“flow
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disturbences mentioned in Sec. 4.2 are very much in cvidence, Care was taken,
when analyzing the boundary layer, to avoid reglons in which disturbances were
apparent., Figure 24 shows another set of flow interferograms,capturing the boun-
dary layer immediately behind a shock wave of simllar strength (M = 16,47,

P, = 5.22 torr). 8

Denslty and degree of lonlzation data taken at 3.75 cms behind the shock
front are presented in Flg. 25, together with the equilibrium, frozen and non-
equllibrium solutions obtalned by Liu and Whitten, Detalls of their theoretical
solutions are given in Refs. 15 and 16, The experimentally determined boundary
layer thitkness (based on a 99% density ratio value) is 0,7 mm while that predicted
by equilibrium theory is 0.9 wm. Comparison with the theoretical molels suggests
that the boundary layer is either frozen or in nonequilibrium, which is contrary
to the assumptions made by most authors,

Apart from errors arlsing from refractim effects, which are not con-
sidered in this atudy, the errorr in p and & due to wall position errcr heceme
quite significant in dusl-wavelength interferometry (Appendix C), maximizing
towards the wall, BEven for an error of only 0,05 mm in wall position, the result.
ing fringe shift error may be 8.3 close to the wall glving density and degree of
ionization errors of 0,01 Kg/m® and 0.5% reepectively or 10.7% and 3.2% of their
respective freastream values,

Bven though refraction errors have been neglected, the results of Kulper
(Ref, 2L), for fringe shift error due to refraction through the end wall boundary
layer, suggests that even close to the wall (0,2 mm) where refraction effects are
strongest, the theoretical error is enly 0,02 (for similar gas conditioms), which
12 small compared to the fringe shift error due to wall position error.

Figure 26 shows flow interferograms of the boundary layer region between
18 wnd 24 cm behind a shock of Mach number 16,49, It may be apprecieted from a
qualitative study of the interferograms, that the boundary layer thickese consid-
erably in this region (to the left), Measurements indicate that at x_ = 20,0 om,
the boundary layer ls approximately 2mm, while at x = 22,5 om it has® thickened
to about 4 mm. In the absence of any thin-film ga.uﬁe traces, it might be inferred
from this repid thickening of the boundary layer, that transition from laminar to
turbulent flow is taking place,

For a Reynold's number defined as (Ref, 11)

Vox p, 1 v
R A
He 2

2

-

where v2 = uB-uz, Vl = us, & Reynold's number of Re = 2.65:106 is obtained.

Experimental and theoretical profiles for x = 20,0 cms are shown in
Fig. 27 and again the large differences between equil?.brium theory snd experimsnt
may be noted.

Mdaltimal errors to those mentioned earller may arise in this case due
to the fact that since the shock wave is not in the field of view, the exact de-
terndnation of x  1s not possible, Ilowever from rocorded time measurements, 1.e,,
the times betweell the shock wave passing through the centre of the teat section and
and the time at which the Pockels cell is triggered, the position of the shock wave
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with respect to the field of view may be determined to within + 0.5 cms or better.
™. errors incurred in p and & are virtually negligible,

Figure 28 shows results taken 12 cms, behind a shock wave of M = 13,56,
whern the experimental density boundary layer thickness is about l.2 mm fhile
5 boundary layer thickness based upon a degree of lonization ratio o/ = 0.99
appears to be significantly greater at approximately 1.6 mm, This sug&ests the
presenc . of a thermal boundery layer which is rather thicker than the viscous
baundary layer.

5. CONCLUSIONS

The use of dusl-wavelength interfercmetry has proven successful in the
study of icnizing shock-wave structure and the shock~tube boundary layer in argon.

Results taken of the shock front thickness indicate that the irter-
ferometer-light source alignment procedure, described in Appendix B, should be
extended to improve alignment about the y-axis of the shock tube.

Although the effects ot refrection through the shock front are considered
to be slight for a perfectly aligned interferometer, a full analysis should be
carried out to determine the magnitude of refraction errore for a misaligned
interferometer,

The measurements of denslty and ionization in the relaxation region show
good agreement with theory although the scatter in experimental results for weaker
shocks (M =~ 13,5) suggest that further work should be directed at stronger shock
studdes of that the laser ruby element (69h3ﬁ) be replaced by a neodymium-glass
element (10600 £) for groater sensitivity to electron density for wesker shocks.

The contribution of excited stute refrectivities for neutral argon and
the effect on p and @ calculations should be investigated for strong shocks (Ref.l6),

The phenomenon of a fas“er ionlzation rate taking place close to the
wall was an unexpected result of this experimental investigation. A more dotalled
study of this should be carrl ed out to establish whether the phenomenon is peculiar
to the particularly larger-anrea shock tube used ia this experimental progrem or
whether 1t spplies to shock tubes of smaller size, where this phenomenon has appa-
rently not Leen noticed (e.gs, Ref, 3).

The results obtained for the induced boundary layer, when compared with
the equilibrium, frozen and nonequilibrium theoretical profiles of Liu and Whitten,
suggest thet the houndary layer 1s in a frozen or nonequilibrium state., The latter
profiles are very similer and it is virtually impossible to distinguish between
them erperimentally.

Although the experimental results presented take no account of refraction
effects in the boundary layer, the theoretical error results presented in Ref, 2
indlcate that errors due to refraction are small compared to the wall location error.

The freestream conditions used in the calculations were those predicted
by equilibrium strong-shock theory (Ref. 16). Any losses due to radiation in the
freestream were neglected, Results presented in Ref. 25 for & shock of Mach number
16,3 and P.= 5 Lorr, indicate that the degree of ionization drops from an equilibrium
value of a%out 15% immediately behind the shock wave to 10% at 5 cm behind the shock,
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after which it remains fairly constant. Corresponding changes in density are
relatively small (typically 5% of the equilibrium value, p,). Reference 22 gives
some data for radiation losses obtained in the facility uded for this study,

pertaining to stronger shocks.

Although tentative indications of transition in the boundary layer were
present for the stronger shock case, in the form of a rapid growth, no definite
proof was obtained. A further study of transition behind iomizing shocks should
include the use of a thin-film heat-transfe. gauge.

The shock-transition density and degree of icnization profiles as well
as those through the boundary layer, together with similar contours of the rapid
ionization region near the wall should provide useful data for additional theoreti-

cal research.
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APPENDIX A:; THERMODYNAMIC AND TRANJPORT PROPERTIES OF PARTIALLY IONIZED ARGON

One of the major difficulties in solving the boundery layer equations
for an equilibrium partially ionized gas flow in the shock tube. is the determi-
nation of the thermodynamic and transport properties (especially the latter) over
the wide pange of temperatures encountered thrs:gh the boundary layer, from the
cold (300°K) wall to the hot (typically 13,000 free-stream,

Some experimental data have been obtained (e.g., Ref, Al) in the shock
tube, utilizing the hot slug of stagnant gas behind the reflected shock wava,
Howevar the majority of information provided in the literature iz of a theoretical
nature, sufficient to predict the thermal conduoctivity and viscous properties with
a reasonoble degree of accuracy.

Previous assumptions such as & constant Prandtl number and density-
viscosity product are now known to be inaccurate,

The degrees of ionization in equilidbrium Ilow, for given pressure and
temperature, is given by the Saha equation as

8,/T _
G = [2.5 Jp/T"-/2 e : +1 ] M (A1)

vhers p is in N/ma and the characteristic temperaturs of ionization is 61- 182,900°K.

Following Ref, A2, enthalpy may be written as (neglecting excited state
contributions)

h-R[5/2(1+a)T+QOI] (A2)

end the equililrium specific heat at constant preasure,

. oh
% a'.lp
a8
n - o x
c, "R [5/2 (1 +a) +5,/2T<M>p4 °I<El‘>p] (A3)
From (Al),
W .
o) | =1.25¢° p'I.‘"’/ae ! 2.5 + =% (A)
¥ (23 4)
and substitution of (A4) into (A3) gives
Al

P




)

) -

c, {5 em s 52T

[1.25 odp 7/ aeeI/T (2.5 + -;—I> J } (45)

The collision cross-section data required for the calculation of viscosity
and thermal conductivity may be summarized as followss
i) Atom-atom collision cross-section L is
'0126
Q = 17 (-T-;) x10°18 4
10

from the curve fitted (Ref. A2) to the data provided by Ref, A3

(a6)

11) The Coulomb scattering crors-section, Qii is (from Ref. A4)

4 lwn 1/2

:I o (A7)
where m, 1s the reduced mas {in this case mA/a), v, is the random velocity given

by
1/3
6 (xx\¥/?
S EIC N
and n, iz electron number density,

i.e,,

RLE

q 1s electron charge (1.6021 10 -19 Coulomb), € is permittiviw of vacuun

(8.854 10-12 farsd/m) and k, the Boltsmann constent (1.3804 10723 joule/°k).
Substitution of the constants in Eq.(A7) ylelds

-10 3/2
Qii - a2 Tlo In [80953106 ?'m ] ma (AB)
e
where the electron number dansity may be calculated from Eq. (Al).

1i1) The atom-ion hard sphere collasion cross-section is found to
be virtually independent of temperature and a value of

-18 2

(49)

QM = 1,35x10




is used here.

Viscosity, 4 may then be written as

Lo & A
o Ty o S
y o By " TE G,
w3 R g & (A10)
AA

following Ref, A2, Any contributions made to viscosity by the slectrons are
neglected,

In EQ.(A10) the mean thermal atomic speed U, is given by

A
v o[ 8%z T2
h" L 78,

The total thermal conductivity l'.,wr yis given by the mixture rule

K K K
i e
Yror * T 8 Yot T %
CEE TRE TR EE
2
0
+ ‘i%ﬂlnAp/r [5/2 +!-I-] (A1)

vhere DA’ the atibipoler diffusion coefficient, is

D, = E—n %;I(Ia:,_:.-)l/a

and n is the total number density (n = n,+ o+ nA). In Eq.(All) KK, and K are
the partial coefficients for the atom, ion and electron species, respectively,

In Ref. A5 their values are given as
.7 0.7% o
K - 5.80m10"" T cal/cm sec K
X, = 2.5 (me/nA)l/z X,
K, = 2.50 X,

T e




where X g the thermal conductivity of the fully ionized gas is

= 35500717 7 nl/ 2 cal/cm sec’X

The electron-atom average momentum transfer cross-section, Q may be
obtained by curve fitting data given by Ref. A6,
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APPENDIX B: ALIGNMENT OF INTERFEROMELFR AND LIGHT SUURCE

With the use of interferometry for the study of boundary layers, the
importance of precise alignment of the instrument and its light source, with
respect to the surface of interest, is critical. Any misalignment of the light
beam with respect to the surface results in the formation of spurious fringe
shifts at the wall, which interfers with accurate evaluation of the interferogram:
in the boundary-layer region.

The Mach-Zehnder interferometer used in this experimental study is well
described in Ref. Bl, It is & relatively large piece of equipment (ms can be seen
from Fig. 3), having A 9-inch diameter field of view. Consequently some care is
required in ovtaining correct adjustzent of it with respect to the shock tube teut
section.

The procedure udopted is described here step by step (with reference to
Pigs. 5 4 9). A gas laser is used to provide a lov intensity monochromatic light
source, Input to the interferometer is via a plane mirror MI.

1) Both the laser and interferometer are crudely adjusted so that the
laser beam passes approximately through the centre of the elemants of the inter-
ferometer and through the cantre of the area of intereat in the teat section,
i.0,, just above the shock tube floor and midway along the visible portiem of it,

11) Oross-hairs are fixed on the first parabolic mirror P, sc that the
laser beam 1s centered cn them, A set of cross-hairs is then poait*oned on the
second paratolic mirror Pa » centored at the corresponding point on the mirror as
the first aet.

1i1) The focal point of Pl is located using o portable white light source
clipped to the front of the irls, Iy (vhich is attached to the interferometer),
the reflections of the point aource™from the test section and compensating chamber
windows being brought to a focus on the irds. The positions of the reflections
with respect to the centre of the iris are noted and the following steps are takens

iv) The gas laser is now adjusted so that the beam passes through tho
centre of the iris onto the cross-hairs of Pl'

v) P, is adjusted to direct the beam onto the cross-hairs of P, (which
results in the Shanging of position of the focal point of P, since the infident
beam to Pl is off-ud,:?.

Steps (111) to (v) are repeated until the reflections on I, are centered
&t closely as possible,

At this point une should ensure that the beam 1sstill centered through
the required part of the test section. It may be necessary to move the inter-
ferometer and light source laterally and vertically to re-centre the beam through
the test section,

Assuming that the interferometer is in adjustment for producing white
1ight fringes (the procedure for which is described in Ref. Bl), a strong white
light point source is placed at the position of IJ. and the fringes focussed on a
screen placed at the image focus plane of Pa, as “described in Sec, 3.3.4,

Bl




The white light source ia then replaced by the gas laser and a lens

L, posltioned to focus the beam to a polnt at Il’

1

Spurious fringes at the wall indicate that the interferometer is
mis-aligned in pitch. This may be corrected by adjustment of the jJacks or
the tire pressures of the pneumatic tires on which the interferometer stands,
Any adjustment of the interferometer in this manner roquires that the light
source be re-adjusted so that the laser beam passes through the iris centre onto
the first set of cross-hairs,

The camera is now positioned so that the beam, which exits the inter-
ferometer via the plane mirror M, , passes through the centre of its shutter
and the components of the camera are positioned accordingly, so that the beanm
is directed to the centre of the £ilm plate holders. Uaine a white light source
the camera is focussed in the desired plane (see Sec, 3.3.4) and the fringes
focussed in that plane by remote control of the motor driver splitters (Sl and
82) and the plane mirror M.,

The pulsed laser is amligned by means of cross-hairs attached to both
ends of it, they being centered on the optical axis of the ruby lasing element,

Polaroid snapshots are taken (Fig. BL) to ensure that a satisfactory
alignment has been achieved. The 3471.5& component fringes are focuss»d in the

camera by & trial and error method of moving the film holder and taking several
polaroid snapshots until the sharpzat focus of the 'inviasible' fringes is obtalned.
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APPENDIX C: ANALYSIS (. TNIERFEROGRAMS

The task of reducing an interferogram, which basically consists of line:
ot' constant order of interference, to useful information about particle density
(atom, ion or electron), is a somewhat tedious one, but accuracy et this stage i-
agsential to the overall success of an experiment,

The degrees of dlificulty and the amount of error which i1s acceptable,
varies with the particular region of flow being explored and the amount of time
available for the data reduction process, In this experimental program two basic
regions were investigated, i) the shock wave structure, both in the free-stream
and in the neighbourhood of the wall and ii) the equilibrium boundary layer region
behind the shock wave, For the former case, which is essentially a 2-dimensional
problem, when wall effects are considered, density gradiants are experienced bvoth
parallelto the flow direction and perpendiculur to it, Whereas in the equilibrium
boundary layer region where one assumes constant free.gtream flow conditions, we
have at any given atation, x, a one-dimensional problem with density changes per-
pendicular to the wall along y. Consaquently, it was found to be convenient to
amploy two m thods for analyzing the interferograms, which will be described here,

For parallel fringe interferometry, the squation relating refractive
index n at a point (x,y) to fringe order N is (Ref, Cl)

n(x,y) % + % [ <§ + const{) - n°L] = N (x,y) (c1)

where L is the test section width, A is wavelength of light, 4 is fringe spacing
(taken from the no-flow interferogram) and the suffix '0' denotes reference region
values,

Equation (Cl) 1s valid for any general point (x,y) in the flow field.
Considering now s reference point (xo.yo) then we may write

n(xo,yo) L+ [ (;9 + conot.) - noL]- N(xo.yo)k (c2)

Subtracting (C2) from(Cl) givea

(x-x_)

[n(x,y) - n(xo.vo)] § = Nx,y) - Nxg,y,) - =2 (c3)

At this point 1t is pertinent to discuss the initial orientation with
which the fringes are pre.set, The two basic choices ara to have the fringes set
parallel to the direction of the density change or perpendicular to it. The former
gives the most information since one has a continuous trace of refractive index ir
the direction of the changes while the latter gives only discrete points but is
much simpler to svaluate. In the shock wave region there is no well defined point
or region at which the flow conditions are known, as required by Eq.(C3). One
could assume the frozen flow values predicted by theory for the region immediately
behind the shock front. However the pre.shock gas state is well known from labo-
ratory measurements, so this may be used as a good raference region. In order to

Cl




use the undisturbed gas as a reference, the fringes should be orientated so as

to pass through the shock front, making horizontal fringec most appropriate. How-
ever, in the boundery layer region at the wall it is desirable to have the fringe
orientated vertically., Consequently a compromise between these two requirement:
i: best obtained by using diagonally orientated fringes.

Looking now at Eq.(C3) in context with Fig. Cl we see that the refractivc
index n at point (x,y) in the flow field may be obtained by the following pro-
cedures

i) Select a frings in the no-flow field to use as a reference, Arbi-
trarily set the fringe order (e.g., N = 1) since it is AN that we are interested
in,

14) For y = y_, meagure x-x, and calculate AN (in this case, 1), being
careful with the algn of AN,

111) Measure d, the no-flow fringe spacing (in x co-ord. direction).

( \ iv) Substitute the sbove values in Eq. €3 to cbtain n(x,y) - n(x,,¥,),
y =yl
)

The relationship between roefractive index and density is (Ref, C2)
n-lm 28 L (ck)

where xa is the Gladstone-Dale constant for species 's' and p_is the density of

species 's’', When expanded for the case of & singly ionized plasma, neglecting
contr?bubions to rafractive index from excited atetes, Eq. C4 becomes (in c.g.s.
units

(ng=L)(ng-1) = Ky (pmpy)(00,-0,8 ) (KyoKy + 0.670207 AF) (c5)

where '4' denotes reference value, 'j' the unknown velue and K, and KI are the
(ledstone-Dale conatants for atoms and ions respectively.

From Eq.C5 we see the requirement for two simlilar equations (one each
for A, and AE) to be aolved simultaneously for oy and aa.

If we let
Nl . [(ndl'l) - (nil' 1)]

and Ny = [(naz-l) - (nia- 1)]

then algebraic manipulation of the two equations (C5) yields

ce

. -




(c6)

and

2
ad.[piai-.%_af—i-]/pd (c7) |

y where
[

- 9 )2
033 Ky 06m0’ X
o =033 Ky + 0.6m10% 3

\ K K

-clez-caAl

For the light-soyurce wavelengths used in these experiments

;
and H - 0067 KA (Ref!. €2 and 03). l’
\
(A, = 6943 K, A, w 3471,5 X) the constants take the following values |

K, = 0.15726 cm3/gm K, = 0,16273 cm/gm
b Al A'2

¢, =3.2816 amd/gn ¢, = 0.861L en/gn

K = 0,3986 cms/gma

Hence with the values of N, and “2 taken from the two interferograms
using Eq.C3 one can obtain p and & thom BEqs% C6 ana C7.

For the equilibrium flow boundary layer region the following procedure
was adopted,

Using fringes orientated perpendicular to the wall, the change in

denaity through the boundary layer is charscterized by a shifting or bending
of the fringes to the left or right (depending on how the interferometer is

o adjusted). Taking the free stream flow as our reference, the equilibrium
conditions being predicted by strong-shock real gas theory, a no-flow interfero-
gram 1o used to obtain the undisturbed gas fringe path to the wall and then
using this in conjunction with the flow interferogram, the fringe shift may be
determined at any point on & fringe.

The rolationship between the non-dimensional fringe shift &, , (non-
di.mznlioml:)md by the no-flow fringe spacing) and change in refrantiVe index
i3 (Ref, C1

8,5 = % [(ny-1) - (n-1) ) (c8)

Referring to Fig. C2, the nondimensional shift 513 is determined in
the following manners:




1) For the point of interest (x,y) the average x co-ordinate difference in
the uniform flow region between the flow £r nge on whlch the point lies and the

nearest no-flow fringe, is determined (Ax).

i1) At the same y co-ordinate (y = yo) the x co-ordinate difference betweon
the flow and no-flow fringes in the boundary layer 1is measured (x-xo).

111) The non-dimensional shift 913 is then calculated as

-X_ +
X=Xy A

S“- —_—
for the point (x,y), where 4 is the average no-flow fringe spacing.
An aguation similar in form to Eq., C5 may be obtained as

S5 % § [K(Pypy)-(p,2,mp3,) (Kpoy + 0,6710% 32)] (c9)

(in c.ge8. unita)
with corresponding equations for p and & being

8
Py = Py - ﬁ;é?l* la%._e‘ (c10)

"1KA231 7‘2".4152
ay = ["1"1 e i “E"‘] Py (cr1)

where L is the test section width teken as L = 10,16 cm, the other constants taklng
on the same values as for Eqa. C6 and C7.

Thus having obtained values of 8, and 8, at & point (x,y), the densities
(b and 0) at that point may be calculated Prom Eqf. C10 and C1l.

Soma points should now be made concerning the practical application of
the described methods of analysis.

The most important is that the values of N, and N2 or S, and o may only
be determined from the interferograms at points (x,y} which actua%ly lie on a
flow fringe since it is convenisnt to use fringe centres as references of constant
intensity. The fringe pattern for euch wavelength is of course different and
the probability of a point (x,y) chosen for a fringe at one wavelength, lying on
a fringe in the other wavelength, is vary smull, Conssquently an interpolation
routine is required to determine the valuea of Nl and N2 or 31 and Sa at points
between fringes.

A Ruscom digitizer (Model 21), measuring in hundredths of an inch, wau
used to obtain {x,y) co-ordinate data for each fringe of an interferogram. This
data (punched onto computer cards) was then uzed with a computer program written
(for the UTIAS IBM 1130 computer) to (see Fig. C3),

cl




i) Linearly interpolate the digitized x,y co-ordinates in steps of y
(Ay = 0,05 mm in lab, co-ord).

11) Compute N, and N, or §, and S,

iii) Linearly interpolate between two nearest data points lying either
side of required x stution, at each step value of y for each wavelength,

at interpolated x,y co-ordinate:z,

iv) Calculate p and @ from interpolated values of N, and N. or S, and
a 1 2 1
S, at each point (%,¥)

The importance of correctly determining the true wall position (as
mentioned in Sec. 3.3.4) to the accuracy of p und o, may be appreciated here.
Any error in the wall location for one wavelength interferogram results in the
velues of N or S being assigned the wrong (x,y) values for that interferogram,
Estimates of the errors involved in calculated values of p and o due to wall loca-
tion errors are given in Sec. 4.3,

One beslic difference between the methods employed is the use of the no-
flow interferograms, taken for each experiment prior to the run. The purpose of
these interferograms is to eliminate any fringe distortions due to optical imper-
fections of the interferometric system. For the method used to evaluate t'e
equilibrium boundary layer reglon, the no-flow interferogram was employed as
previously described, However, for the shock-wave region it was found impractical
to use the no-flow interferograms owing te the gross changes of the fringes in
the field of view. But since the reference region taken in this method was a
no-flow region, account was taken of any aberration (lens) effects but not of any

loral fringe dlstortions due to burns on the optical elsments or diffraction caused

by “oreign particles, This is felt to be a minor source of error and not signi-
ficant to the experimental results in a region where relatively large changes in
flow properties take place.
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FIG. I RELAXATION REGION FREESTREAM ODENSITY PROFILES FOR PURE ARGON
AND ARGON +04% HYDROGEN
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FIG. I8 CONTOURS OF CONSTANT DEGREE OF IONIZATION IN RELAXATION

REGION CLOSE TO WALL FOR PURE ARGON (R =B.2mM Hg)

AND My = 1653
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FIG. 2l BOUNDARY LAYER DENSITY
PROFILE 100 cus. BEHIND SHOCK,
Mg = 6.48
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FIG. 25 BOUNDARY LAYER DENSITY AND DEGREE OF
PROFILES 3.75 cus. BEHIND SHOCK,
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Fi3. 27 BOUNDARY LAYER DENSITY AND DEGREE OF IONIZATION PROFILES
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